INTRODUCTION
============

Glycosides consists of a large group of well known compounds possessing an aglycon bounded to one or more sugar units, usually found in large amounts in plants. Natural aglycons have very diversified structures, such as lactones, fatty acids, quinones, antraquinones, terpenoids and steroids. Many glycosides possess biological activities such as antimicrobial, analgesic, anti-hypertensive, among others ([@b1],[@b7]). Cardenolides are good examples of bioactive glycosides, possessing high cardiotonic ([@b22]) and cytotoxic ([@b5]) activities. Other interesting biologically active examples include cucurbitacin glycosides, possessing free-radical scavenging properties ([@b29]), antocianins, that promote a protective effect against H~2~O~2~- or TNF-induced insulin resistance in 3T3-L1 adipocytes ([@b12]) and stilbene glycosides, active anti-inflammatory compounds ([@b31]).

Studies on structure-activity showed that aglycons can be more active than respective glycosides as related for estrogenic activity ([@b9]). In other cases, aglycons may have biological properties not related for the respective glycoside and, therefore, aglycon release from the glycoside moiety becomes a desirable methodology for diversified applications. However, in some cases, glycoside hydrolysis can be a hard accomplishment since the reaction may be not favorable to the need of displacing an unstable OR leaving group ([@b26]). Drastic conditions employing strong acids can be used for glycoside hydrolysis but only for compounds containing no labile groups in the aglycon ([@b2]).

The use of biological systems, especially fungi and fungal enzymes to carry on chemical reactions, a process named biotransformation ([@b13]) attracted attention of chemists and microbiologists since such reactions are accomplished in smooth conditions, not only preserving chemical labile groups in the molecules but also being environment-friendly processes ([@b3]).

Stevioside (**1**), the major constituent of *Stevia rebaudiana* extract, consists of a glycoside possessing a diterpene named steviol (**2**) as its aglycon ([Fig. 1](#fig1){ref-type="fig"}) ([@b10]). Steviol rearrangement to isosteviol (**3**) ([Fig. 2](#fig2){ref-type="fig"}) has been reported from the acid hydrolysis of stevioside (**2**). Stevioside and steviol are able to decrease glycogen deposition on the organism ([@b11]). Steviol also has plant regulatory activity ([@b23]), and is able to be used in treatment of diseases associated to insulin resistance ([@b15]). Isosteviol acts in the reduction of plasmatic glucose levels ([@b19]) and has protective effects against myocardial ischemia-reperfusion injuries ([@b33]). Role of isosteviol as a potassium channel opener to lower intracellular calcium concentrations has also been reported ([@b32]). Isosteviol derivatives have been synthesized for evaluation as anti-tuberculosis agents ([@b16]).

![Structure of stevioside (**1**), showing aglycon in the center surrounded by the glucose groups G1, G2 and G3.](bjm-40-367-g001){#fig1}

![Structure of aglycons steviol (**2**) and isosteviol (**3**).](bjm-40-367-g002){#fig2}

Many other diterpenes closed related to steviol and isosteviol are reported to be biologically active, for example as a tripanocidal agent ([@b30]) or as protective agents to be used against cerebral injuries in ischemia processes ([@b28]). Other activities like allelopatic have also been described ([@b20]), making steviol-like compounds very interesting targets for bioprospecting of novel biological activities. A difficulty finding on using diterpenes and other natural products in biological screenings is their low availability from natural sources. Steviol and isosteviol consist of a natural cheap source of these.

The objective of this work was to carry out a comparative study on some biological alternative agents that can be used for stevioside (**1**) hydrolysis in order to obtain steviol (**2**) and isosteviol (**3**) in high yields.

MATERIALS AND METHODS
=====================

Stevioside (**1**) was isolated from Stevita Cristal^®^ (gift of Steviafarma Industrial S.A., Brazil) by silicagel column chromatography followed by recrystallization. Strains of *Aspergillus niger* CCT4026 and *Rhizopus stolonifer* CCT2002 were donated by Coleção de Culturas Tropical (São Paulo, Brazil) and the strain of *Rhizopus arrhizus* NRRL1526 was donated by the Northern Regional Research Laboratories (USA). *Saccharomyces cerevisiae* was isolated from commercial yeast (Fleischmann Royal Nabisco, Brazil). Solvents and reagents were of analytical grade (Merck, Grupo Química, AcuMedia). Enzymes used were Pancreatin (Biobrás, Brazil) and lipases Pancreatic lipase (PL250) and Validase Fungal Lipase, VFL 8000 (Valley Research Inc., South Bend, Indiana, USA)

Reactions conditions
====================

Hydrolitic properties of the biological systems were evaluated at room temperature (25ºC) for seven days in two pH systems: 4.0 and 7.0. Toluene or ethanol was added to the reaction system aiming to modify the active sites with consequent yield improvement ([@b21],[@b25]).

Enzymatic hydrolysis
====================

200.0 mg of stevioside (**1**) were dissolved in 30.0 mL of aqueous buffer (citrate or phosphate) and added to 20.0 mg of the enzyme on a round bottom flask. Toluene (1.0 mL) or ethanol (10.0 mL) was also added (see [Table 1](#tbl1){ref-type="table"}). Reaction was followed by TLC each 24 hours. After 7 days, the aqueous mixture was extracted with ethyl acetate and then with butanol. Both ethylacetate and butanol extracts were dried, combined and analyzed by TLC using steviol (**2**) and isosteviol (**3**) as standards.

###### 

Overview of the reactions performed showing yields of products formed and substrate recovery rates under different reaction conditions.

  Reagent             pH    Solvent/reagent added   Hydrolysis product   Hydrolysis yield (%)   Substrate recovery rate (%)
  ------------------- ----- ----------------------- -------------------- ---------------------- -----------------------------
  Pancreatin          4.0   toluene                 isosteviol           93.9                   0
  Pancreatin          4.0   ethanol                 isosteviol           12.4                   76.0
  Pancreatin          7.0   toluene                 steviol              20.2                   51.5
  Pancreatin          7.0   ethanol                 0                    0                      97.6
  Pancreatic lipase   4.0   toluene                 0                    0                      98.4
  Pancreatic lipase   4.0   ethanol                 steviol              5.2                    82.2
  Pancreatic lipase   7.0   toluene                 0                    0                      97.3
  Pancreatic lipase   7.0   ethanol                 isosteviol           4.2                    80.4
  Fungal lipase       4.0   toluene                 0                    0                      96.7
  Fungal lipase       4.0   ethanol                 steviol              10.0                   81.2
  Fungal lipase       7.0   toluene                 0                    0                      97.1
  Fungal lipase       7.0   ethanol                 0                    0                      97.0
  *A. niger*          7.0   none                    steviol              20.8                   38.1
  *R. arrhizus*       7.0   none                    0                    0                      75.9
  *R. stolonifer*     7.0   none                    0                    0                      63.2
  *S. cerevisiae*     7.0   glucose                 0                    0                      26.2
  *S. cerevisiae*     7.0   none                    0                    0                      0

Fungal hydrolysis
=================

Bioreactions using fungi were carried out in Sabouraud Dextrose Broth (SDB). Five conical flasks containing 200 mL of sterile SDB medium were used for each reaction. After sterilization and cooling, the flasks were inoculated with a fresh sample of the specific fungal strain and let to reach the exponential phase under an orbital stirring. Then, 2 mL of stevioside ([@b1]) in an aqueous solution (25 mg/mL) were added to each flask. Control experiments containing only the fungus (cells control) and only stevioside (substrate control) were run in parallel. After 7 days, the mycelia were filtered off and the aqueous broth was extracted from ethylacetate, dried and analyzed by TLC using steviol (**2**) and isosteviol (**3**) as standards.

Yeast hydrolysis
================

20.0 g of dehydrated *Saccharomyces cerevisiae* in 10.0 mL of distilled water were added to a solution containing 0.0128 g of ZnSO~4~ and 10 g of glucose in 10 mL of distilled water. The system was left over magnetic stirring for 30 min at 30ºC for yeast activation. Then, 1.0 mmol (0.5002 g) of stevioside (**1**) was added. The procedure was repeated without glucose addition. After 7 days, the media were extracted with ethylacetate, dried and analyzed by TLC using steviol (**2**) and isosteviol (**3**) as standards.

Determination of products yields
================================

In all cases, yields and remaining substrate present in the reaction were determined after column chromatography and isolation of products. ^13^C NMR data, used for determining products structures, in comparison with data obtained for starting material, stevioside (**1**), are found on [Table 2](#tbl2){ref-type="table"}. [Table 3](#tbl3){ref-type="table"} shows data for carbons present in the glucose moieties belonging to the stevioside skeleton, as determined by ^13^C NMR spectroscopy.

###### 

^13^C NMR chemical shifts (δ, 50 MHz) for stevioside aglycon (**1**, D~2~O), steviol (**2**, CDQ~3~) and isosteviol (**3**, CDQ~3~).

  C    Stevioside (**1**)   Steviol (**2**)   Isoesteviol (**3**)
  ---- -------------------- ----------------- ---------------------
  1    40.7                 40.6              40.0
  2    19.0                 19.0              19.2
  3    38.1                 37.8              37.3
  4    44.1                 43.6              43.6
  5    57.2                 56.9              57.0
  6    21.8                 21.8              21.9
  7    41.5                 41.3              41.6
  8    42.5                 41.7              48.7
  9    53.6                 53.8              54.7
  10   39.6                 39.5              38.2
  11   20.4                 20.5              20.3
  12   36.1                 39.3              38.2
  13   85.8                 80.4              39.5
  14   44.1                 47.4              54.3
  15   47.2                 47.0              48.6
  16   153.8                155.9             222.6
  17   104.2                103.0             19.9
  18   28.1                 28.8              29.3
  19   176.8                182.3             180.5
  20   15.1                 15.5              13.5

RESULTS AND DISCUSSION
======================

HPLC analysis of the crude extract showed stevioside (**1**) to be present in 59.38% of the extract. This substance was isolated as a single compound by silica gel column chromatography (ethylacetate/methanol 9:1) and then characterized by ^1^H and ^13^C NMR spectra as being the 13-O-\[βD-glucopyranosil-(1→2)-α-D-glucopyranoside\] β-Dglycopyranoside ester of steviol. ^13^C NMR spectrum was able to show the chemical shifts for all three sugar units present in stevioside (**1**) skeleton, an addition to the literature data that presented the chemical shifts for only two glucose units ([@b35]). NMR data are presented in [Tables 2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"}.

###### 

^13^C NMR chemical shifts (δ, D~2~O, 50 MHz) for carbons of glucose groups G1, G2 and G3, present in stevioside skeleton.

  C    G1     G2      G3
  ---- ------ ------- ------
  1'   97.1   106.1   94.9
  2'   84.1   75.9    73.2
  3'   77.7   76.9    78.0
  4'   71.3   71.9    70.4
  5'   77.9   77.0    78.3
  6'   62.6   62.8    61.8

Four biological systems were used to carry out the enzymatic hydrolysis of stevioside: pancreatin (an enzymatic complex), lipases of two different sources (Pancreatic PL250 Lipase and Fungal VFL 8000 Lipase), filamentous fungi (*Aspergillus niger, Rhizopus arrhizus and Rhizopus stolonifer*) and the yeast *Saccharomyces cerevisiae*.

Reactions with enzymes were carried out at two pHs, 4.0 and 7.0, since literature relates these both as the optimum pHs for ester hydrolysis in acidic and basic pHs, respectively ([@b4]). The reactions were left for 7 days and experiments were carried out in duplicate: to a set of experiments toluene was added ([@b25]) and, to the second set, ethanol was added ([@b21]). Organic solvents were added to the reactions aiming at promoting solvatation of reaction intermediaries and to cause beneficial modifications in enzymes conformations. When lipases are concerned, addition of an organic solvent to the aqueous environment causes conformational alterations that can result on an increase of the hydrophobic sites ([@b17]).

[Table 1](#tbl1){ref-type="table"} shows the results found for the hydrolysis of stevioside (**1**) under the different tested conditions. Pancreatin presented different behavior according to the pH parameter. At pH 4, isosteviol (**3**) was the isolated product, whereas at pH 7.0, steviol (**2**) was formed. At pH 4.0, the presence of toluene increased almost 8 times the product's yield, with no recovery of starting material, while, using ethanol, 76% of unmodified stevioside (**1**) was recovered, showing that addition of this solvent did not lead to a yield increasing. Indeed, at pH 7.0, addition of ethanol led to a nearly complete recovery of starting material. No other tested condition showed to be as good as the use of pancreatin to obtain isosteviol (**3**) that was also produced by the action of pancreatic lipase ([Table 1](#tbl1){ref-type="table"}) upon addition of ethanol, at pH 7.0, but on a much lower yield (4.2%). At the same condition but pH 4.0, steviol (**2**) was formed, also on a low yield (5.2%).

Steviol was obtained from the experiments on three tested conditions: with pancreatin/ethanol at pH 7.0 (20.2%), using fungal lipase/ethanol at pH 4.0 (10%) and also by using *A. niger*, at pH 7.0 (20.8%). The other two fungal species used in this experiment were unable to carry on the desirable reaction. It is interesting to observe that *S. cerevisiae* did not produce steviol (**2**) neither isosteviol (**3**), but consumed all stevioside (**1**) from the medium when glucose was not added.

Enzymatic hydrolysis of stevioside (**1**) into steviol (**2**) was previously accomplished by using hesperidinase, an enzymatic complex able to break glycoside bonds ([@b14]) and also by using the fungus *Aspergillus niger*, a filamentous fungus known to synthesize hydrolytic enzymes such as α-L-ramnosidase and β-D-glucosidase ([@b21]). Other successful examples of glycoside hydrolysis by means of biological reagents are the hydrolysis of isoflavone glycosides by bacteria ([@b6]), with yields ranging from 25 to 80%.

Although the low yields of experiments for obtaining steviol (**2**), in some cases, recovery of stevioside (**1**) was high, implying that reaction yields can be improved, either by increasing the reaction time ([@b27]), altering chemical composition of the medium ([@b24], [@b35]), changing a substrate feeding procedure ([@b8]) or by the use of reactors with controlled reaction conditions ([@b18]). On other hand, even methodologies leading to low yields of aglycons without side reactions are of huge interest since acidic conditions can not guarantee aglycon stability in some specific cases. Microbial reactions tend to increase since the mild reaction conditions are in good agreement with the present tendency to a green chemistry.
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RESUMO
======

Novos agentes para a hidrólise enzimática e fúngica do esteviosídeo
-------------------------------------------------------------------

Um estudo comparativo do potencial de alguns agentes biológicos capazes de hidrolisar o esteviosídeo foi realizado, objetivando-se estabelecer uma metodologia alternativa para a obtenção da aglicona esteviol ou seu produto de rearranjo, isoesteviol, em rendimentos elevados que permitam o uso destas agliconas para o preparo de novos compostos bioativos. As reações de hidrólise foram realizadas usando fungos filamentosos (*Aspergillus niger*, *Rhizopus stolonifer* e*Rhizopus arrhizus*), uma levedura (*Saccharomyces cerevisiae*) e enzimas (pancreatina, lipase PL250 e lipase VFL 8000). A pancreatina mostrou a melhor atividade hidrolítica dentre os sistemas testados, fornecendo isoesteviol com rendimento de 93,9% em pH 4,0, usando tolueno como co-solvente. Esteviol foi produzido tanto usando pancreatina em pH 7,0 (20,2% de rendimento) quanto usando *A. niger* em pH 7,0 (20,8% de rendimento).
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